I. Introduction
For many advanced aerospace and electric vehicle applications, where mission life requirements cannot be compromised, high energy density of storage cells is critical. Since a battery's energy density is directly proportional to the depth of discharge (DOD) of cycling, and battery cycle life decreases rapidly as DOD is increased, it is important to quantify the relationship between cycle life and DOD. Knowledge A l l are briefly discussed in this paper, and one is shown to be consistent with available cycle life data on cells that failed because of a gradual wearout mode, as opposed to catastrophic failure mechanisms. We are most interested in gradual decreases in capacity because they are by nature predictable and undoubtedly related to DOD; sudden failures, on the other hand, cannot be predicted and therefore cannot be modeled.
Several prediction models relatin 11. Prediction Models Several equations have been proposed for predicting battery cycle life'-4 as a function of DOD as well as other parameters such as temperature, recharge ratio, charge rate, and discharge rate. The most popular one is
which can be transformed into where L is cycle life, D' (0 5 D' 5 1) is the value of DOD, and a , A , and L$ are constants. The values of A and L$ can be affected by temperature and recharge A model (not shown here) similar to equation (1) but with an additional term for charge and discharge rate effects3 was suggested for application to data from the cycle life testing of a series of Ni/Cd cells.
The following equation for analysis of Ni/Cd cell data was also proposed:
where B is a constant and D' is depth of discharge as a fraction of actual capacity. This model assumes that the initial measured excess capacity (1 -D') over the cycled value (D') is decreased at a rate of D'/B per cycle. Thus, the cell will fail to cycle when the capacity is reduced
A similar model, including a new term (F) to represent excess capacity over the rated value, was suggested recently for cycle life limited by gradual wearout:5*s
where F is the excess capacity over the rated value (in units of the rated capacity), D is depth of discharge as a fraction of rated capacity, and R is a constant.
Equation ( 4 ) is essentially the same i equation (3) in physical implications.
However, equation ( 4 ) has the advantage of requiring only the rated, rather than the actual, value of capacity t o fit data. The unequivocal value of actual capacity is not usually known, whereas the rated value is always available. This paper shows that equation (4) is consistent with existing cycle life data on storage cells that failed as a result of gradual wearout, but not catastrophic events such as shorts and other mechanical problems. However, R will be influenced by parameters such as temperature, cycling regime, electrolyte composition ( e . g . , KOH concentration), impurities or additives in the electrolyte, amount of electrolyte in a starved cell, and chemical reactions (e.g., corrosion reactions, separator degradation).
Physical
When a chemical reaction rate constitutes a substantial portion of R , equation ( 4 ) will be applicable only for a continuous cycle life test, because any long interruption would allow chemical degradation without cycling.
When the natural log of cycle life L is plotted against depth of discharge D, equation (4) will yield a nonlinear sigmoid-type curve.5 However, the midpor tion (D > 0 . 2 ; 1 + F -D > 0 . 2 ) of the curve is roughly linear with a tangential slope, s :
For example, the slope a t D = 0.5 is -4 . 0 when F = 0, The cycle life testing of the improved cells using zirconia separators was carried out in two different series. One involved type A cells containing chemically deposited nickel and cadmium electrodes. The type A cells were tested in a cycling regime consisting of a 16 min discharge at a 1.5 C rate followed by a 24 min recharge at the same rate.
The other test series involved type B cells, in which the nickel electrodes were deposited electrochemically, though the cadmium electrodes were of the same lot as those in the type A cells and thus were deposited chemically. The two different types of nickel electrodes had similar values of measured capacity as well as the same rated capacity. The type B cells were tested in a cycling regime consisting of a 30 min discharge, either at a 1 . 2 C rate t o 60% DOD or at a 1 . 6 C rate to 80% DOD; followed by a 40 min recharge at the same rates, respectively, and a 2 min trickle charge at C/20 to C/15 rates.
Cycle life values were taken when the endof-discharge voltage reached 0.5 V.
The following table summarizes the test data on the zirconia-separator cells, excluding those that failed because of a short formation. The data points for the two different types of cells (A and B)
were not strictly comparable in either their design or the details of their cycling regime. Nevertheless, we decided to test the model using both sets of data because we believed that the difference between them would prove to be minor. However, the data points were not numerous enough to permit even a three-point comparison with prediction plots of the cycle life as a function of the DOD at a given temperature. Therefore, the two missing data points were estimated using an extrapolation method, described below. The other model, equation (I), also fit the same data, as reported by earlier investigators.2i3 Overall, however, equation (4) appears to fit better than equation (l), especially for the data o n Li/MoS2 cells at high DOD, as shown in Fig. 5. Though equation (4) is not perfect, and additional data are needed to conclusively test the validity and relative merits of these two prediction models, equation (4) seems to be the more straightforward.
We did not test the proposed model against cycle life data on other batteries The proposed model is based o n the assumption that cell capacity is reduced at a constant rate per cycle. Unfortunately, existing data o n cell capacity as a function of cycle life for Ni/Cd and Li/MoS2 cells are unsuitable for testing that assumption. Though data are available on capacity as a function of cycle number for Ni/H, their capacity was not measured in the same regime as that of cycling. The cycling regime of that test was a 45-min low earth orbit (LEO), whereas capacity was measured using the charge and discharge rates of a 90-min LEO regime. The resulting capacity data did not show a constant rate of capacity reduction. Some cells showed a roughly linear decrease13 and others showed a clearly nonlinear decrease.14 In another experiment, conducted by HRL, a sintered nickel electrode was cycled at 100% depth of discharge in a flooded 26% KOH electrolyte. The change in its capacity was roughly linear with the number of cycles, as shown in Fig. 6 , supporting The mechanisms that cause a gradual loss of capacity are not yet well understood. However, it is clear that even the most advanced cells suffer from subtle morphological changes and chemical degradation over time. A s those processes are identified, real improvements in electrochemical devices should follow. Modeling of cycle life as a function of depth of discharge, based 0x1 the results of accelcrated testing, will be a valuable tool for prompt evaluation of those improvements.
VI1. Conclusions

~_ _
The proposed niodel appears to be more useful than those presented earlier, though it t o o has flaws. The results discussed h e r e support the following conclusions: 
